Functionally distinct retinal ganglion cells have density and size gradients across the mouse retina, and some degenerative eye diseases follow topographic-specific gradients of cell death. Hence, the anatomical orientation of the retina with respect to the orbit and head is important for understanding the functional anatomy of the retina in both health and disease. However, different research groups use different anatomical landmarks to determine retinal orientation (dorsal, ventral, temporal, nasal poles). Variations in the accuracy and reliability in marking these landmarks during dissection may lead to discrepancies in the identification and reporting of retinal topography. The goal of this study was to compare the accuracy and reliability of the canthus, rectus muscle, and choroid fissure landmarks in reporting retinal orientation. The retinal relieving cut angle made from each landmark during dissection was calculated based on its relationship to the opsin transition zone (OTZ), determined via a custom MATLAB script that aligns retinas from immunostained s-opsin. The choroid fissure and rectus muscle landmarks were the most accurate and reliable, while burn marks using the canthus as a reference were the least. These values were used to build an anatomical map that plots various ocular landmarks in relationship to one another, to the horizontal semicircular canals, to lambda-bregma, and to the earth's horizon. Surprisingly, during normal locomotion, the mouse's opsin gradient and the horizontal semicircular canals make equivalent 68 angles aligning the OTZ near the earth's horizon, a feature which may enhance the mouse's ability to visually navigate through its environment.
However, a review of the literature indicates that research groups use a variety of different anatomical landmarks during eye dissection to determine the topographic orientation (dorsal, ventral, temporal, and nasal poles) of the mouse retina, and some groups do not report these aspects of dissection methodology at all. Currently, there is no study that compares these methods for accuracy or reliability or that relates these ocular landmarks to the mouse's skull or to other landmarks in the visual world through which the mouse navigates.
The canthus, an anatomical landmark where the upper and lower eyelids meet, is used in many studies to orient the mouse eye. The nasal canthus lies in the medial corner of each eye; the temporal canthus lies at the lateral margin. Typically, a burn mark, needle mark, suture mark, or dye mark is made on the cornea at the temporal or nasal canthus (Tao et al., 2015; Ueki et al., 2016) . More commonly, a mark is made at the dorsal or ventral cornea midway between the two canthi (Applebury et al., 2000; Dhande et al., 2013; Estevez et al., 2012; Hadj-Said et al., 2016; Kolesnikov & Kefalov, 2012; Lin, Wang, & Masland, 2004; Ortin-Martinez et al., 2014; Sondereker et al., 2017; Wang et al., 2017; Zhang et al., 2017) . After the eye is removed from the orbit, a cut is made through the retinal eyecup at the corneal burn mark, from the limbus toward the optic disk. This relieving cut serves to flatten the retina and demarks on the retina the location of the corneal burn. According to this method, the dorsal relieving cut through the dorsal burn mark then serves as a marker for the "north pole" of the mouse eye.
Landmarks deep to the eye surface, including the choroid fissure and rectus muscles, are commonly used as dissection guides by other research groups (Bleckert et al., 2014; Sabbah et al., 2017; Sterratt et al., 2013; Valiente-Soriano et al., 2014; Wei, Elstrott, & Feller, 2010) .
The choroid fissure is a developmental remnant from the circumferential growth path of the eye cup. In the developing retina, it exists as a space between the two halves of the eye cup through which developing ganglion cell axons exit to form the optic nerve (Lamb, Collin, & Pugh, 2007) . In the adult retina, the choroid fissure fuses, and all that remains is a faint line best visible under a light microscope on the back of the sclera, running from the nasal to temporal margins of the eye cup and faintly visible under infrared illumination through the retina anterior to the eye-cup (Wei et al., 2010) . Many investigators use the choroid fissure as a guide on which to make temporal and nasal relieving cuts (Bleckert et al., 2014; Hilgen et al., 2017; Kim et al., 2015; Morrie & Feller, 2015; Nath & Schwartz, 2016; Osterhout, Stafford, Nguyen, Yoshihara, & Huberman, 2015; Shi et al., 2017; Stafford, Park, Wong, & Demb, 2014; Wang, Weick, & Demb, 2011; Wei et al., 2010) .
Thus, in these cases, the nasal cut is labeled as 08 on a polar plot, and a 908 superior rotation represents the "north pole" of the mouse eye.
The rectus muscles serve as another landmark for orientation of the mouse eye (Sabbah et al., 2017; Sterratt et al., 2013; ValienteSoriano et al., 2014) . In these cases, the insertion point of the superior rectus muscle at the limbus is bisected. A relieving cut through the eye cup at this point identifies the "dorsal pole" on a polar plot. Thus, in these cases, the insertion of the superior rectus muscle represents the "north pole" of the mouse eye.
Finally, in some cases the opsin transition zone (OTZ) is used as a landmark for orienting the retina in anatomical space (Hughes et al., 2013) . The mouse retina contains 3% cones, which express either purely short wavelength (s-) opsin or a combination of s-opsin and midwavelength (m-) opsin (Carter-Dawson & LaVail, 1979) . Cones that contain pure s-opsin are distributed throughout the entire retina but represent only 3-5% of all mouse cones (Haverkamp et al., 2005) . The majority of cones are m-cones, which co-express both m-and s-opsin in a gradient along the dorsoventral axis (Applebury et al., 2000) . Within these, s-opsin expression dominates the ventral retina whereas m-opsin expression dominates the dorsal retina (Applebury et al., 2000) . Immunohistochemical staining for s-opsin reveals the OTZ (Chang, Breuninger, & Euler, 2013) , which has been used as the dorsoventral axis for orienting the retina (Hughes et al., 2013) . Thus, in these cases, a line drawn perpendicular to the OTZ represents the "north pole" of the mouse eye.
With the variety of anatomical landmarks used in the literature to orient the mouse retina, several uncertainties arise, particularly related to the accuracy and reliability of these methods. Which ocular landmark is the true "north pole" of the mouse eye (i.e., the most upward aspect in the normal posture of a mouse)? How do these various, commonly-used landmarks relate to each other, and what is the internal reliability of each landmark as an identifier of retinal orientation?
How do these ocular landmarks relate to other important anatomical landmarks such as lambda-bregma or the semicircular canals? Most importantly, how do they relate to the earth's horizon as the mouse ambulates through its visual world? Thus, the primary goal of this study was to compare the accuracy and reliability of the canthus, rectus muscle insertion, and choroid fissure landmarks in reporting retinal orientation in anatomical space. The second goal was to use this knowledge to build an accurate anatomical map of retinal landmarks that can be used as a reference for comparing past studies and for planning future studies. To accomplish this, we mapped and compared superficial ocular landmarks (the canthi) to deeper ocular landmarks (rectus muscles, choroid fissure, and OTZ) with skull landmarks (lambda-bregma and horizontal semicircular canals) and related these landmarks to the earth's horizon as the mouse ambulates in its natural environment.
| M ET HOD S

| Animals
All experiments were conducted according to NIH guidelines under protocols approved by the Institutional Animal Care and Use Committees of the University of Akron and Brown University. Thirty-seven wild-type male and female C57BL/6N adult mice between 1 and 3 months of age were used for all experiments. Mice were housed on a 12-hour light-dark cycle and with food and water ad libitum.
| Antibodies
The polyclonal goat anti-s-opsin antibody (Santa Cruz Biotechnologies, Cat# sc14363, RRID: AB_2158332) raised against the 20 N-terminal amino acids of the human OPN1SW protein (EFYLFKNISSVGPWDGP-QYH) was used. When preabsorbed with its immunogen, this antibody exhibits lack of immunohistological reactivity (Schleich, Vielma, Glosmann, Palacios, & Peichl, 2010) . Furthermore, this s-opsin antibody reliably labels s-opsin in cone outer segments (Schiviz, Ruf, Kuebber-Heiss, Schubert, & Ahnelt, 2008) .
| Relieving cut dissections to identify retinal orientation
For all dissections, left and right eyes were segregated so as to be able to differentiate between nasal and temporal poles in the final stained tissue. For superficial landmarks, a burn was made prior to enucleation on either the dorsal or ventral cornea using a Bovie Low Temperature Cautery Ophthalmic Fine Tip cauterizer before enucleation (Figure 1a 
| Immunohistochemistry
Criteria for dissection quality were applied before proceeding. Any retina that was appreciably torn in such a way as to mimic the appearance of a reliving cut, or any retina that exhibited significant tissue loss or 
| Imaging, 3D reconstruction, and analysis
Whole mount retinas stained with s-opsin were viewed with an Olympus BX51 epifluorescence microscope and imaged at 43 with a camera in piecemeal. Multiple images of the same retina were stitched together in Adobe Photoshop CS6 (Figure 1d , right panel and Figure 2 , left panels). Images of whole mounted retinas stained with s-opsin were then reconstructed to a 3D structure with Retistruct, an R plugin (Sterratt et al., 2013) . Because s-opsin is expressed in highest concentration in the ventral retina (Applebury et al., 2000) , retinas can be oriented according to this gradient.
To correctly identify the dorsal, ventral, temporal, and nasal poles of the retina, the 3D reconstructed retinas were analyzed with a custom MATLAB script so that the brightest half of the retina, the half with the highest s-opsin staining, was rotated to be positioned as the lower half of the circle. The 3D reconstructed retina was then divided into dorsal, ventral, nasal, and temporal poles based on the computer-aligned s-opsin gradient. Poles were assigned at 908 intervals on the reconstructed retina: 08 was considered nasal, 908 dorsal, 1808 temporal, and 2708 ventral. Because cuts are still visible as white lines on the reconstructed retina, the angle of the relieving cut was determined using the angle measurement tool in ImageJ. The three points forming the angle were calculated using the point of incision on the most distal edge of the cut, the optic disc, and the corresponding anatomical direction (dorsal, ventral, nasal, temporal) as set by the s-opsin gradient. The number of degrees that the cut deviated from the set degree value of either dorsal (908), ventral (2708), temporal (1808), or nasal (08) was also calculated (and labeled as the "relieving cut degree of error").
| Correlation with lambda-bregma
In the mouse skull, bregma is the anatomical intersection of the coronal and sagittal sutures where the frontal bone meets with the two parietal bones. Lambda is the point at which the two parietal bones meet the occipital bone and is used as a skull reference for stereotaxic studies. A line drawn between these two landmarks is called the lambda-bregma line. To examine the relationship between lambda-bregma, and the extraocular muscles, two corneal burns were made with a cauterizer when the mouse was anesthetized and the head stabilized in a stereotaxic apparatus. The head was positioned so that the lambda-bregma
axis was parallel to the earth's horizon and a stereotaxically mounted fine probe was used to make one burn on the rostral cornea (lambda) and another on the caudal cornea (bregma), both near the corneascleral border. These burns were made so as to mimic the lambdabregma axis; if a line was to connect the two burns, it would represent the horizontal nature of the lambda-bregma line when the mouse is in standard stereotaxic position (Figures 4 and 5) . The lambda-bregma line represented on the cornea between the two burn marks was compared to the insertion points of the lateral and medial extraocular rectus muscles. The angle between the lambdabregma line and the globe insertion points of the extraocular muscles was then measured.
FIG URE 1 Schematic of the various ocular landmarks used to mark and orient the retina during mouse eye dissection. The anatomical landmarks on the wild-type C57BL6/N mouse include the canthi (a), the extraocular muscles (b), the choroid fissure (shown from the posterior view of the globe (c), and the gradient of immunostained s-opsin (blue, d). In each case, the globe is enucleated and hemisected to create an eye cup (middle panels). Fine scissors are used to make a large relieving cut through the eye cup to demarcate a specific anatomical landmark (corneal burn, superior rectus or choroid fissure). Smaller, shallower cuts are made to facilitate flattening the retina for a whole mount preparation (right panels). Blue arrows indicate large relieving cuts. dissectors. Unless otherwise indicated, means are expressed as 6standard deviation (SD), and differences were significant at p < .05.
| RE S U L TS
Using one of five ocular landmarks as a reference, adult mouse eyes were dissected with one relieving cut made from the limbus toward the optic disc. Reference landmarks were the ventral corneal burn (Figure 2a) , dorsal corneal burn (Figure 2b ), temporal corneal burn (Figure   2c ), superior rectus insertion (Figure 2d ), or choroid fissure at both nasal and temporal borders (Figure 2e ). Flattened retinas were fixed, immuno-stained for s-opsin, reconstructed using Retistruct (Sterratt et al., 2013) , and oriented along the s-opsin gradient (see Section 2, To assess the accuracy and reliability of each anatomical landmark as a method for identifying retinal orientation, we first determined the mean 6 standard deviation angles for the ventral corneal burn (250.28 6 41.48, n 5 7), dorsal corneal burn (65.48 6 37.88, n 5 6), temporal corneal burn (158.98 6 32.98, n 5 6), superior rectus insertion (96.98 612.58, n 5 6), nasal choroid fissure (357.58 6 20.48, n 5 4), and temporal choroid fissure (n 5 178.98 6 10.98, n 5 4; Figure 3a ) and then compared these angles with the nasal point of the OTZ, which was arbitrarily set to 08, as seen in Figure 2 . From these data, it can be observed that the superficial landmark cuts (ventral, dorsal, or temporal burns, average standard deviation of approximately 378) had a standard deviation approximately 238 larger than that of internal ocular landmark cuts (rectus muscle insertion and choroid fissure, average standard FIGUR E 3 Anatomical landmarks deep within the eye provide a more accurate and reliable marker for retinal orientation than superficial ocular landmarks. (a) scatter plot of cut angles from Figure 2 (right panels) with means (solid lines) plotted in relationship to raw data points (circles), where 08 represents the nasal OTZ. (b) Relieving cut error was greater for dorsal and ventral corneal burn cuts compared to superior rectus muscle and choroid fissure cuts when comparing cut location to a standardized retinal orientation determined by s-opsin immunohistochemistry (p < .05). Superficial burn cuts did not differ between each other in the reliability of identifying retinal orientation (p > .05). (c) Polar plot comparing all anatomical landmark cuts with the nasal opsin transition zone set to 08. Ventral corneal burn cuts identified a ventral pole at 250.28 6 41.48 (n 5 7). Dorsal corneal burn cuts identified the dorsal pole at 65.48 6 37.88 (n 5 6). Temporal cuts identified the temporal pole at 158.98 6 32.98 (n 5 6). Superior rectus muscle cuts identified the dorsal pole at 96.98 6 12.58 (n 5 6). Choroid fissure cuts identified the nasal pole at 357.5 6 20.48 and the temporal pole at 178.98 6 10.98 (n 5 4). Means reported as 6SD [Color figure can be viewed at wileyonlinelibrary.com] deviation of approximately 148). Thus, when compared to superior rectus muscle and choroid fissure cuts, superficial landmark cuts using corneal burns provide a less reliable mark for retinal orientation due to their high variability. Second, the "relieving cut degree of error" was calculated for all anatomical landmarks (Figure 3b ). Relieving cut degrees of error was defined as the number of degrees a particular relieving cut deviated from the absolute 08, 908, 1808, or 2708, which were calculated on each retina according to the OTZ. Overall, the relieving cut degree of error were significantly greater (p < .05) among the superficial landmark cuts that use corneal burns (ventral and dorsal burn cuts) compared to cuts using the rectus muscle insertion and choroid fissure landmarks.
The rectus muscle and choroid fissure landmarks had the lowest relieving cut degrees of error (12.18 6 6.38, n 5 6, and 12.28 6 8.08, n 5 8, respectively) and the dorsal and ventral corneal burn techniques the highest (39.18 6 24.88, n 5 6, and 39.58 6 18.88, n 5 7, respectively; Figure 3b) . Differences in relieving cut degree of error for comparisons between superior rectus versus choroid fissure and between dorsal versus ventral corneal burn were not statistically significant. The mean relieving cut degree of error for temporal burn cuts (32.68 6 18.58, n 5 7) was slightly lower than that of dorsal and ventral burn cuts, but was higher than that of superior rectus and choroid fissure cuts; however, these differences were not statistically significant. The experiments described in Figure 2 FIGUR E 4 The s-opsin gradient border is demarcated by the lateral and medial rectus muscle insertions and these deep anatomical landmarks can be related to the stereotaxic markers lambdabregma. (a) An example of an enucleated globe with two burn marks made on the cornea, one on the rostral limit and the other on the caudal limit. The line connecting these two burns replicates the horizontal position of the lambda-bregma line when the mouse head is in typical stereotaxic position. (b) The dissected retina stained with s-opsin immunohistochemistry (white puncta). After enucleation, two relieving cuts were made into the globe so as to bisect the lateral rectus muscle on the temporal pole and the medial rectus muscle on the nasal pole. The relieving cuts are indicated with arrows. (c) The 3D image of the retina reconstructed with Retistruct with the nasal OTZ set to equal 08. The lateral and medial rectus muscle cuts are highlighted in red and blue, respectively. These data demonstrate that the s-opsin transition zone is rotated counter-clockwise at a mean angle of 35.186 2.38 (n 5 8). This has been superimposed onto a diagram to display the relationship of the stereotaxic marker lambda-bregma, the s-opsin gradient, and the lateral and medial rectus muscles insertions on the globe. Thus, anatomically, the line between the lateral and medial rectus muscle insertion points is located at a 358 angle to the horizontal lambda-bregma line. Scale bar in (b) 5 1 mm [Color figure can be viewed at wileyonlinelibrary.com] STABIO ET AL.
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To answer this question, a mouse's head was placed in a stereotaxic axis and tilted so that lambda-bregma fell along the horizontal plane (see Section 2). The globe of the eye was then marked with two burns, one caudal and one rostral, so that a line connecting the burns would parallel the horizontal lambda-bregma axis (Figure 4a ). Before isolation of the retina, cuts were made as to bisect the medial and lateral rectus muscle insertions (Figure 4b ). The angle between the rectus muscle cuts and the lambda-bregma line was determined to be 35.18 6 2.38 (n 5 8) with the medial rectus muscle located superior to the lateral rectus muscle (Figure 4c ). Therefore, the medial rectus muscle is anatomically positioned at approximately 358 to lambda-bregma.
Because the medial and lateral rectus muscle cuts also align with the nasal border of the OTZ (Figure 4b ), their positioning can be applied to the position of the OTZ as well. All landmarks were mapped in relationship to each other in Figure 5 , with all angles recalculated relative to the earth's horizon as the mouse ambulates normally (Oommen & Stahl, 2008) . Note that the angles in Figures 2-4 are calculated and plotted based off of the s-opsin gradient, where the nasal OTZ is set to equal 08. In Figure 5 , these angles have been recalculated and plotted so that 08 equals the earth's horizon.
| D ISC USSION
The mouse is currently the most widely used model for investigating retinal structure, function, development, and disease. Methods to normalize data across research groups is important, particularly to those studies that rely upon precise retinal orientation. A myriad of methods exist in the literature, but our study is the first to compare them and plot them all on a single anatomical map ( Figure 5 ). We found that dissections relying on deep anatomical landmarks, such as the rectus muscles and choroid fissure, are more reliable compared to the use of superficial landmarks made by corneal burns. Superior rectus muscle and choroid fissure landmarks yielded the lowest S.D. and lowest "relieving cut degree of error" in a test-retest stability protocol. Furthermore, the superior rectus muscle cuts were perpendicular to the choroid fissure and OTZ, and all three of these anatomical landmark cuts were more precise compared to corneal burn cuts in orienting the mouse retina in anatomical space with respect to the earth's horizon.
Previous work by Oommen and colleagues has demonstrated that, during normal ambulation, the mouse head is pitched inferiorly so that the lambda-bregma line on the skull is at a 298 downward angle to the Figure 1 were compared to the horizontal semicircular canals (a) and the lambda-bregma line (c) on the wild type C57BL6/N mouse. These anatomical landmarks were plotted with respect to the earth's horizon (which is set to 08 in b and c). Angle measurements of lambda-bregma to earth's horizon (298) and horizontal canals to earth's horizon (68) come from Oommen & Stahl (2008) ; all other values come from original data. The angle between the opsin transition zone (OTZ) and earths horizon is a 68, equivalent and opposite to the angle between the horizontal semicircular canals and earth's horizon. Moreover, the "up and out" rest position of the mouse's eye during normal ambulation makes a dorsal burn mark, which appears to be equidistant from the two canthi from the perspective of the dissector (Figure 1a earth's horizon with the horizontal semicircular canals at a 68 downward angle to the earth's horizon ( Figure 5 ; Oommen & Stahl, 2008) .
This causes optokinetic reflexes that position the eye into an "up and out" orientation, with a 228 superior rotation and 648 temporal rotation away from the midline during normal ambulation (Oommen & Stahl, 2008) . If data from Oommen and colleagues are combined with our data showing that the medial and lateral rectus muscles are anatomically located at a 358 angle to the lambda-bregma line, it places both the medial and lateral rectus muscles and the OTZ at 68 upward from the earth's horizon ( Figure 5) . Therefore, the mouse's opsin gradient and the horizontal semicircular canals make equivalent 68 angles above and below the earth's horizon, respectively. Together, these angles result in an ideal anatomical orientation that may allow the mouse to look for and avoid potential predators in visual areas above and around them while the head (and nose) is positioned downward for smelling and scavenging. Moreover, the equivalent and opposite angle positions of the OTZ and horizontal semicircular canals allow photons from the sky and grass to fall on the UV-sensitive ventral retina and greensensitive dorsal retina, respectively.
It is important to note that the anatomical relationships of semicircular canals and OTZ to the earth's horizon as described above are ambulatory phenomena that change with head position. Similarly, the position of the cornea with respect to the orbit also changes with eye position, which is optokinetically-influenced by head position through the position of the semicircular canals. This may contribute to the lower reliability of corneal burn dissection cuts: The "up and out" rest position of the mouse's eye during normal ambulation would make a dorsal burn mark, which appears to be equidistant from the two canthi from the perspective of the dissector (Figure 1a , left panel), to actually result in a dorsal burn mark that is rotated significantly medially (nasally) in error with respect to the earth's vertical as diagramed in Figure 5b . In contrast, the parallel alignments of the medial/lateral rectus muscle insertions to the OTZ and choroid fissure are independent of ambulation and head position: These anatomical relationships are always present, which may contribute in part to their higher reliability as dissection landmarks.
Thus, the reported directional tuning curves of direction-selective retinal ganglion cells from laboratories that utilize the dorsal corneal burn approach could be up to 308 different from those generated from laboratories that utilize choroid fissure or rectus muscle landmarks.
Overall, this work emphasizes the utmost importance of reporting transparent and detailed descriptions of the retinal dissection methods used to orient the retina in anatomical space. Moreover, results related to retinal topography should be reported and interpreted with respect to the mid-sagittal and earth horizontal planes as in Figure 5 , rather than as angles relative to an arbitrary zero. Finally, deep ocular landmarks, including the rectus muscles and choroid fissure, provide more precise and reliable methodology to orient the retina when compared to superficial landmarks of the canthus and cornea.
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